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SUMMARY 
Open-circuit  vo l tage ,  curve power f a c t o r ,  and maximum power output  as 
func t ions  of temperature were  measured f o r  1-, lo-, 20-, and 80-ohm-centimeter 
s i l i c o n  c e l l s .  The r e s u l t s  were compared wi th  those  f o r  gal l ium arsenide  s o l a r  
c e l l s  and ind ica t ed  t h a t ,  f o r  temperatures  t o  200' C, 1-ohm-centimeter s i l i c o n  
s o l a r  c e l l s  performed b e t t e r  than  any o the r  c o m e r c i a l l y  a v a i l a b l e  s o l a r  c e l l s .  
One- and ten-ohm-centimeter bombarded s i l i c o n  s o l a r  c e l l s  were a l s o  measured 
and compared a t  high temperatures.  
10-ohm-centimeter s i l i c o n  c e l l  w a s  super ior  t o  the 1-ohm-centimeter c e l l  a f t e r  
bombardment. 
t e n s i t i e s ,  ga l l ium phosphide s o l a r  c e l l s  may prove useful .  
I n  t h e  temperature range t o  100' C ,  t h e  
For temperatures  beyond 200' C and under high i l l umina t ion  in -  
INTRODUCTION 
Various space missions can be envis ioned t h a t  would subjec t  t h e  s o l a r  c e l l s  
of a space veh ic l e  t o  temperatures  h igher  t han  75' C. 
what performance t o  expect  of s i l i c o n  s o l a r  c e l l s ,  and what, i f  any, s u b s t i t u t e  
c e l l s  can be used t o  b e t t e r  advantage a t  t h e s e  h igh  temperatures.  
Questions arise as t o  
I n  t h i s  r e p o r t ,  t h e  tempera tme behavior  'of unbombarded and bombarded s i l -  
icon c e l l s  of va r ious  r e s i s t i v i t i e s  and unbombarded and bombarded ga l l ium a r se -  
nide c e l l s  w i l l  be d iscussed  and compared. The c h a r a c t e r i s t i c s  t o  be d iscussed  
are open-c i rcu i t  vol tage,  maximum power output ,  and curve power f a c t o r ,  which i s  
def ined  as the  m a x i m u m  power output  divided by t h e  product  of t h e  s h o r t - c i r c u i t  
cu r ren t  and t h e  open-c i rcu i t  vol tage.  
SOLAR-CELL CHARACTEBISTICS 
Table I shows t y p i c a l  outer-space c h a r a c t e r i s t i c s  of unbombarded c e l l s  a t  
25' C. These are t h e  va lues  t h a t  can be  achieved f o r  n-on-p s i l i c o n  s o l a r  
, c e l l s  of va r ious  r e s i s t i v i t i e s .  I n  going from 1-, t o  lo-, t o  50-, t o  100-ohm- 
cent imeter  c e l l s ,  t h e  open-c i rcu i t  vo l tage  decreases.  The s m a l l  i nc rease  i n  
s h o r t - c i r c u i t  cu r ren t  f o r  10-ohm-centimeter c e l l s  occurs  because of the longer  
d i f f u s i o n  l eng ths  i n  10-ohm-centimeter cells .  The s h o r t - c i r c u i t  cu r ren t  remains 
* Presented at Fourth Annual Photovol ta ic  S p e c i a l i s t s '  Conference, 
Cleveland, Ohio, June 2-3, 1964. 
TABLE I. - EQUIVALENT OUTER-SPACE CHARACTERISTICS 
OF UNBOMBARDED CELLS AT 25' C 
~ 
Cel l  
G a l l i u m  
arsenide 
Sil icon 
1 ohm em 
10 ohm em 
50 ohm em 
100 ohm em 
Open- 
c i r c u i t  
voltage, 
v 
0.9 
.9 
~ 
0.57 
.54 
.49 
.43  
- 
>on'cac t 
r e s i s -  
tance, 
ohms 
~~ 
0.3 
. 3  
0.3 
. 3  
. 4  
. 7  
Short- 
2 i rcu i t  
zurrent 
per cm2, 
ma/cm2 
ll 
16 
32 
36 
36 
36 
Naximum 
power 
output 
per cm2, 
mw/cm2 
7.2 
10.0 
12.6 
14.  0 
11.5 
8.5 
Toltage at 
maximum 
power, 
v 
0.7 
. 7  
0.43 
.44 
. 4 2  
. 3  
aManuf'acturerts quoted sunlight efficiency, 10.5 percent. 
Curve 
power 
factor,  
percent 
7 3  
70 
69 
72 
65 
55 
Outer - 
space 
e f f i -  
ciency, 
percent 
5.1 
"7 .1  
9 .0  
10.0 
8.2 
6.0 
at this value for the higher resistivity cells, since processing reduces the 
diffusion lengths to approximately equal values. 
The curve power factors of the 10-ohm-centimeter cells are better than 
those of 1-ohm-centimeter cells because junctions with better characteristics 
can be made in 10-ohm-centimeter material. As the resistivity increases, how- 
ever, the maximum power output decreases because of the lower open-circuit 
voltage and the increasing bulk parasitic resistance. Maximum efficiencies are 
achieved for 10-ohm-centimeter cells. 
Of the two categories of gallium arsenide cells in table I, the 
5.1-percent-efficient cells were procured commercially, and the 7.1-percent- 
efficient cells were obtained through the courtesy of the U.S. Air Force, 
Wright Air Development Center. The efficiencies quoted are based on airplane 
measurements that agree with filter-wheel simulator measurements. 
UNBOMBARDED CELLS 
Figure 1 shows the change in open-circuit voltage as a function of temper- 
ature for silicon solar cells of various resistivities. There is a 0.2 milli- 
volt per OC difference between the temperature coefficients for open-circuit 
voltage for 1- and 10-ohm-centimeter cells, a negligible difference between the 
coefficients for 10- and 20-ohm-centimeter cells, and a significant difference 
of 0.6 millivolt per OC between the coefficients for 1- and 80-ohm-centimeter 
cells. Similar temperature coefficients of open-circuit voltage were obtained 
for solar cells doped to equivalent resistivities with either aluminum, gallium, 
indium, or gadolinium. 
Another important factor in the temperature degradation of solar cells is 
the change in curve power factor with temperature, shown in figure 2. The curve 
power factor of 10-ohm-centimeter cells degrades faster than that of l-ohm- 
centimeter cells, and that of 80-ohm-centimeter cells degrades most rapidly 
with increasing temperature. This decrease in curve power factor occurs'be- 
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1 225 
The degradat ion of open- 
c i r c u i t  vo l tage  and of curve 
power f a c t o r  l e a d s  t o  degrada- 
t i o n  of maximum power output ,  
as  shown i n  f i g u r e  3. For t h e s e  
measurements t h e  s h o r t - c i r c u i t  
cu r ren t  i s  maintained cons tan t  
f o r  a l l  temperatures  a t  a value 
equiva len t  t o  t h e  outer-space 
cu r ren t  a t  25' C. A measure of 
t h e  power degradat ion i s  ind ica-  
ted by t h e  temperature a t  which 
t h e  power f a l l s  t o  one-half  t h a t  
a t  25' C and i s  given by t h e  
c o e f f i c i e n t  expressed as per-  
cen t  power l o s t  pe r  OC. A s  the 
r e s i s t i v i t y  of t h e  base  mate- 
r i a l  i s  increased,  t h i s  h a l f -  
power po in t  occurs  a t  lower 
temperatures.  For 1-ohm- 1 cent imeter  c e l l s ,  t h e  h a l f -  
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Figure 1. -Open-circuit voltage as function of temperature for silicon cells 
of various resistivities. 
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power po in t  occurs  a t  about 
135' C. For 10-ohm-centimeter 
silicon C ~ I ,  
ohm-cm t p- 1 --- 10 c e l l s  it i s  about 20° C lower, 
and f o r  80-ohm-centimeter 
c e l l s ,  it occurs  below looo C. 
The same va lues  of half-power 
po in t  have been found f o r  
s i l i c o n  doped wi th  materials 
o the r  t han  boron (aluminum, 
l in ium) .  
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Figure 2. - Curve power factor as function of temperature for various silicon 
cells. From t h e s e  cons ide ra t ions  
it i s  apparent  t h a t  t h e  1-ohm- 
cent imeter  c e l l  would be t h e  most u s f u l  f o r  high-temperature app l i ca t ions .  
BOMBARDED CELLS 
One- and ten-ohm-centimeter s i l i c o n  c e l l s  were  subjec ted  t o  an  e l e c t r o n  
bombardment of 1. 5 X 1 O l 6  1-MeV e l e c t r o n s  pe r  square cent imeter .  
vo l t ages  were  measured a t  var ious  temperatures  below 100' C wi th  t h e  i l lumina-  
t i o n  leve l  such t h a t  t h e  s h o r t - c i r c u i t  c u r r e n t s  were equiva len t  t o  those  the 
c e l l s  wbuld have i n  ou te r  space. There was no observable  change i n  t h e  tempera- 
ture c o e f f i c i e n t  of open-c i rcu i t  vo l tage  after this  leve l  of bombardment. The 
same was t r u e  f o r  proton-bombarded c e l l s  bombarded wi th  a dose of 3.9x1012 
10-MeV pro tons  p e r  square cent imter ,  which i s  equiva len t  i n  aamage product ion 
t o  approximately 1 - M e V  e l e c t r o n s  p e r  square cent imeter .  
The open-c i rcu i t  
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Figure 3. - Maximum power output as funct ion of temperature for 
si l icon cells. I l luminat ion equivalent to  that  of outer-space. 
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Figure 4. - Curve power factor as funct ion of temperature for  
unbombarded and bombarded si l icon cells. 
Figure 4 is a plot of curve power factor as a function of temperature for 
1- and 10-ohm-centimeter unbombarded and bombarded cells. Since the plots are 
straight lines in the temperature range of figure 4, a temperature coefficient 
of curve power factor can be determined. There is a significant change in the 
rate of decrease of the curve power factor with temperature for these electron- 
bombarded cells. The same behavior is also found for proton-bombarded cells. 
Changes in the maximum power output of bombarded cells also depend on the 
variation of short-circuit current with temperature. The short-circuit current 
increases with temperature at a rate of 0.2 percent per OC for heavily bombarded 
cells (data from H. K. G m e l  of Bell Telephone Laboratories). Based on Lewis 
measurements and calculations, the half -p%wer point and temperature coefficient 
of power output for bombarded cells will be similar to those for unbombarded 
cells. 
The power supplies of satellites are usually designed for constant-voltage 
Figure 5 
operation. Therefore, maximum power output of bombarded solar cells was studied 
as a function of temperature for various constant-voltage conditions. 
shows the power output for 1- and 10-ohm-centimeter electron-bombarded cells. 
For maximum power output at 55' C y  the voltage for constant-voltage operation 
should be 0.3 volt for 1-ohm-centimeter cells, and 0.25 volt for 10-ohm- 
centimeter cells. 
centimeter cells and 0.2 volt for 10-ohm-centimeter cells. 
looo C maximum power output under constant-voltage operating conditions is 
attained by operating 10-ohm-centimeter cells at 0.15 volt. 
of 10-ohm-centimeter cells at this voltage is still higher than that available 
from 1-ohm-centimeter cells operated at 0.2 volt in this temperature range. 
The optimum voltages for maximizing power output in the constant-voltage condi- 
tion depend on the operating temperature and the bombardment dose. In all 
cases, 10-ohm-centimeter cells maintain considerably higher power output than 
do 1-ohm-centimeter cells, as shown in figure 5. 
For operation at 75' C y  the voltages are 0.25 volt for 1-ohm- 
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SILICON CELLS COMPARED WITH GALLIUM ARSENIDE CEIITJS 
For temperatures  above 150' C, t h e  1-ohm-centimeter c e l l  i s  p r e f e r a b l e  t o  
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Figure 5. - Maximum power output for constant-voltage operation as 
function of temperature. Cells bombarded with 1.5~1016 1-Mev elec- 
t rons per square centimeter; i l luminat ion equivalent to  that  of 
outer space. 
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Figure 6. -Open-circuit voltage as function of temperature. 
t h e  10-ohm-centimeter c e l l .  Gal- 
l i u m  a r sen ide  s o l a r  c e l l s  have 
a l s o  been proposed f o r  opera t ion  
between 150' t o  200' C. F igure  6 
compares t h e  open-c i rcu i t  vo l tage  
degrada t ion  wi th  temperature f o r  
ga l l ium a r sen ide  c e l l s  and l-ohm- 
cent imeter  s i l i c o n  s o l a r  c e l l s .  
G a l l i u m  a r sen ide  c e l l s  have a 
temperature c o e f f i c i e n t  of open- 
c i r c u i t  vo l tage  of 2 . 5  m i l l i v o l t  
per  OC as compared wi th  2 . 1  m i l -  
l i v o l t  per  OC f o r  l-ohm-centimeter 
s i l i c o n  c e l l s .  Because of t h e  
i n i t i a l l y  higher  open-c i rcu i t  
vo l tage  of t h e  ga l l ium a r sen ide  
c e l l ,  however , i t s  open-c i rcu i t  
vo l tage  a t  200' c i s  0.43 v o l t  as 
compared wi th  0 . 2 2  v o l t  f o r  t h e  
s i l i c o n  c e l l .  It should be r e a l -  
i zed  t h a t  t h e  u l t ima te  l i m i t a t i o n  
i n  t h e  use of c e l l s  made  from 
high-energy- gap s imic onduc t o r  ma - 
t e r i a l s  i s  the temperature a t  
which t h e  open-c i rcu i t  vo l tage  
approaches zero. If t h e  curve 
f o r  gal l ium a r sen ide  c e l l s  i s  
ex t rapola ted ,  t h e  vol tage  w i l l  f a l l  
t o  zero a t  a temperature of about 
375' C. This should be con t r a s t ed  
w i t h  repor ted  open-c i rcu i t  vo l t ages  
of 0 .4  v o l t  f o r  gal l ium phosphide 
experimental  c e l l s  a t  350' C 
( r e f .  1). 
Figure 7 i s  a p l o t  of curve 
power f a c t o r  f o r  1-ohm-centimeter 
s i l i c o n  c e l l s  and ga l l ium a r sen ide  
c e l l s .  I n  genera l ,  t h e  curve power 
f a c t o r  of s i l i c o n  c e l l s  decreases  
more r a p i d l y  than  t h a t  of ga l l ium 
a r sen ide  c e l l s ,  t h e  decrease becom- 
i n g  more r ap id  a t  temperatures  above 
125' C. 
The v a r i a t i o n  of maximum power 
output  wi th  temperature i s  shown i n  
f i g u r e  8 f o r  bo th  high- and low- 
e f f i c i e n c y  gal l ium a r sen ide  c e l l s  
5 
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Figure 7. - Curve power factor as funct ion of temperature for gal l ium arsenide 
and l-ohm-centimeter s i l i con  cells. 
175' C. A t  200' C t h e r e  i s  a 2 - m i l l i w a t t  d i f f e r e n c e  i n  power output.  
output  of t h e  1-ohm-centimeter s i l i c o n  c e l l ,  however, equals  t h a t  of t h e  com- 
merc i a l ly  ava i l ab le ,  lower e f f i c i e n c y  ga l l ium arsenide  c e l l  a t  200' C. 
choice of e i t h e r  s i l i c o n  or gal l ium arsenide  c e l l s  f o r  200' C opera t ion  depends 
on t h e  f a c t o r s  of r e l i a b i l i t y ,  a v a i l a b i l i t y ,  cos t ,  and minimum power output  r e -  
quirement. Based on t h e s e  cons idera t ions ,  t h e  commercial 1-ohm-centimeter 
s i l i c o n  c e l l s  a r e  not  surpassed f o r  opera t ion  a t  200' C by any o the r  type of 
commercial c e l l  ava i l ab le .  
The power 
The 
and f o r  a 10 -pe rcen t - e f f i c i en t ,  
1-ohm-centimeter s i l i c o n  c e l l .  
The half-power p o i n t  occurs  a t  
about 165' C f o r  ga l l ium ar- 
senide c e l l s  as compared wi th  
135' C f o r  s i l i c o n  cel ls .  This 
i s  r e f l e c t e d  i n  t h e  lower per-  
cen t  power l o s t  f o r  ga l l ium 
arsenide ,  0.35 percent  p e r  OC, 
as compared wi th  0.46 percent  
pe r  OC f o r  s i l i c o n .  Since t h e  
s h o r t - c i r c u i t  cu r ren t  of t h e  
s i l i c o n  c e l l  under outer-space 
i l l umina t ion  i s  twice t h a t  of 
t h e  h igh-ef f ic iency  ga l l ium ar- 
senide c e l l ,  both c e l l s  have 
t h e  same power output  a t  
Figure 9 i s  a p l o t  of t h e  product of open-c i rcu i t  vo l tage  and s h o r t - c i r c u i t  
cu r ren t  as a func t ion  of temperature f o r  h igh -e f f i c i ency  ga l l ium a r sen ide  c e l l s  
and 1-ohm-centimeter s i l i c o n  c e l l s .  The s ign i f i cance  of t h i s  p l o t  i s  t h a t ,  i f  
t h e  curve power f a c t o r  of t h e  1-ohm-centimeter s i l i c o n  c e l l  can be r a i s e d  suf- 
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Figure 8. -Comparison of maximum power output as function of temperature 
for gall ium arsenide cells and 1-ohm-centimeter sil icon cells. I l luminat ion 
equivalent to that of outer-space. 
6 
f i c i e n t l y  a t  room temperature,  
i t s  power output  w i l l  be  g r e a t e r  
' t h a n  t h a t  of t h e  h igh-ef f ic iency  
ga l l ium arsenide  c e l l  f o r  a l l  
temperatures  up t o  and inc luding  
2000 C. Recent information on 
t h e  e f f e c t s  of impur i t i e s  i n -  
d i c a t e s  t h a t  t h i s  improvement 
may now be poss ib le .  
J u s t  as f o r  s i l i c o n  s o l a r  
c e l l s  , gal l ium arsenide  c e l l s  
bombarded t o  a dose of 3 . 9 ~ 1 0 ~ ~  
10-Mev pro tons  pe r  square c e n t i -  
meter show no change i n  t h e  tem- 
pe ra tu re  c o e f f i c i e n t  of open- 
c i r c u i t  voltage.  Curve power 
f a c t o r  degradat ion inc reases  
a f t e r  bombardment , in a manner 
similar t o  t h a t  f o r  s i l i c o n .  A 
temperature c o e f f i c i e n t  of curve 
25 50 75 
1 Cell 
efficiency, 
percent - Gallium arsenide 7.1 
--e-- l-ohm-cm silicon 9.0 
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Figure 9. - Product of open-circuit voltage and shor t -c i rcu i t  cu r ren t  as 
function of temperature. I l lumination equivalent to that  of outer space; 
cell area, 1 by 2 centimeters. 
power f a c t o r  of 0.12 percent  p e r  
OC i n  t h e  temperature  range from 
50° t o  looo C i s  found f o r  bom- 
barded c e l l s  as compared wi th  
0.10 pe rcen t  p e r  O C  i n  t h e  same 
temperature  range f o r  unbom- 
barded c e l l s .  
GALLITJM PHOSPHIDE CELLS 
The performance of any 
a v a i l a b l e  s o l a r  c e l l  i s  marginal 
a t  200' C. The ga l l ium phos- 
phide c e l l  i s  t h e r e f o r e  be ing  
considered f o r  use i n  t h e  range 
above 200' C. 
The c u r r e n t  s t a t u s  of ga l -  
l i u m  phosphide s o l a r  c e l l s  has 
been mentioned i n  a previous  
paper ( r e f .  1); however, it should be poin ted  out  t h a t ,  i f  t h e  a n t i c i p a t e d  open- 
c i r c u i t  vo l tage  of 1.5 v o l t s  can be achieved, opera t ion  of t hese  c e l l s  t o  tem- 
p e r a t u r e s  of 500' C would be poss ib le .  The low s h o r t - c i r c u i t  c u r r e n t s  of ga l -  
l i u m  phosphide c e l l s  would not  n e c e s s a r i l y  e l imina te  them from cons idera t ion ,  
s ince  t h e s e  c e l l s  would be  expected t o  opera te  where s o l a r  i n t e n s i t i e s  are many 
t i m e s  those  on Earth.  
CONCLUDING REMARKS 
The r e s u l t s  of t h i s  r e p o r t  i n d i c a t e  t h a t  1-ohm-centimeter s i l i c o n  s o l a r  
c e l l s  are p re fe r r ed  t o  any commercially a v a i l a b l e  ga l l ium a r sen ide  s o l a r  c e l l s  
f o r  use a t  temperatures  t o  200° C. By proper  doping, 1-ohm-centimeter s i l i c o n  
c e l l s  can a l s o  outperform t h e  h igher  e f f i c i e n c y ,  b u t  l imited-in-product ion,  
ga l l ium arsenide  c e l l s .  For m a x i m u m  power output  under r a d i a t i o n  damage condi- 
t i o n s  a t  temperatures  t o  100' C, t h e  r a d i a t i o n  damage r e s i s t a n t  10-ohm- 
cent imeter  s i l i c o n  s o l a r  c e l l  is p re fe r r ed  over t h e  1-ohm-centimeter c e l l .  For 
a p p l i c a t i o n s  a t  temperatures  above 200' C and under high l i g h t  i n t e n s i t i e s ,  ga l -  
l i u m  phosphide s o l a r  c e l l s  m a y  b e  use fu l .  
Lewis  Research Center 
1 Nat iona l  Aeronaut ics  and Space Adminis t ra t ion 
Cleveland, Ohio, September 22, 1964 
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